Abstract-The second-generation exploitation of meteorological satellite polar system (EPS-SG) C-band-wavelength scatterometer instrument (called SCA), planned for launch in 2022, has a direct heritage from the successful advanced scatterometer (ASCAT) flown on the current EPS satellites. In addition, SCA will represent three major innovations with respect to ASCAT, namely: 1) Cross polarization and horizontal copolarization; 2) a nominal spatial resolution of 25 km; and 3) 20% greater spatial coverage than AS-CAT. The associated expected science and application benefits that led the SCA design are discussed with respect to ocean, land, and sea ice applications for near-real time, climate monitoring, and research purposes. Moreover, an option to implement an ocean Doppler capability to retrieve the ocean motion vector is briefly discussed as well. In conclusion, the SCA instrument innovations are well set to provide timely benefits in all the main application areas of the scatterometer (winds, soil moisture, sea ice) and can be expected to contribute to new and more sophisticated meteorological, oceanographic, land, sea ice, and climate services in the forthcoming SCA era.
land, supporting an increasing number of geoscientific applications. For example, ocean surface wind vectors [1] , [2] are an important input to global [3] and regional numerical weather prediction (NWP) [4] . They are also used as a forcing agent in ocean models [5] to improve the modeling of waves [6] , storm surges [7] , and ocean currents [8] . Moreover, observations supporting the coupled atmosphere-ocean system are fundamental for seasonal and longer range forecasting, e.g., allowing an adequate representation of phenomena, such as El Niño and the atmospheric and ocean circulation, in general [9] . The near-real time demand for ocean wind observations is further emphasized by the increased need for accurate storm and hurricane forecasting in nowcasting applications [10] . More recently, economic interest in coastal wind forecasts and climatologies is increasing, due to developments in, e.g., off-shore energy applications [11] and increasing sea transports.
Over land, scatterometer measurements are used to monitor surface soil moisture (SSM) [12] and freeze/thaw status [13] to support NWP, hydrology, agriculture, and other related applications areas [14] . SSM is of major importance in global and regional earth system models, because of the direct impact on many physical, chemical, and biological processes and feedback loops taking place at the land surface and within the atmosphere. Moreover, scatterometer-derived SSM estimates have proven their capability to monitor extreme hydrological events like droughts and floods, and to serve as an entirely new data source for estimating rainfall amounts over land [14] . Also, recent research has shown that C-band scatterometers have the ability to observe vegetation parameters [15] , [16] , as illustrated in With respect to the cryosphere, scatterometer data are used in the retrieval of several sea ice parameters, such as sea ice coverage, type, and drift [17] , as illustrated in Fig. 2 . Sea ice products are used for economic activities, mainly in the marginal ice zone. Sea ice monitoring is very relevant in climate applications as the role of sea ice dynamics in the earth system is not very well understood.
Climate data records (CDR) of proven homogeneity are fundamental to study climate change and variability [18] , [19] , thus focusing on the consistency, stability, and intercalibration of the different sensor records. The combination of existing C-band and Ku-band scatterometer data archives into a single CDR shall provide an invaluable continuous record of observed ocean surface vector winds, soil moisture, and sea ice extents covering an era from 1991 to the present date. The global climate observing system (GCOS) program defines guidelines for the provision of satellite-based essential climate variables, prescribing a stability requirement of 0.1 m/s per decade for the provision of ocean surface wind speeds [20] . This translates into a relative beam stability of 0.1 dB for C-band scatterometers which appears well achievable. For soil moisture, the current GCOS stability requirement is 0.01 m 3 m −3 yr −1 , which also translates into a relative beam stability of about 0.1 dB over grassland and agricultural areas where the range of backscatter from dry to wet conditions is 4 dB or larger. While the homogenization of C-band and Ku-band scatterometer winds remains a challenge, mainly because of their different radar physics and processing [21] , [22] , the homogenization of the C-band record formed by the advanced scatterometer (ASCAT) data collected on the Metop-A platform [23] and the active microwave instrument (AMI) data collected on the European Remote Sensing ERS-1 and ERS-2 platforms [24] is now obtainable [25] .
Metop-SG is the space segment of The European Organization for the exploitation of meteorological satellites (EUMET-SAT) polar system second generation (EPS-SG). The satellites Global NWP  1  2  2  Regional NWP  1  2  2  Nowcasting  1  Oceanography  1  1  Hydrology  1  Climate  1  2  1 Priorities range from 1 (prime) to 4 (low) [26] .
will carry a C-band-wavelength scatterometer instrument (here called SCA) that has a direct heritage from the ASCAT and AMI instruments, following their successful application in the atmospheric, sea, land, and cryospheric domains, as mentioned above. The EPS-SG and SCA user requirements were assessed by diverse Application Expert Groups (AEG) before its design phase [26] . An overview of this assessment is briefly recollected in Table I for the application areas mandated to EUMETSAT. Since nearly a decade has passed since the assessment in 2008, a general revaluation by the AEG appears justified taking into account the latest scientific evidence [27] . An EPS-SG scatterometer mission is well supported in all the different application areas included in the EUMETSAT mandate. The overall high priorities and feasibility warrant the continuation and extension of the EUMETSAT scatterometer mission.
As a baseline, the expected performance of SCA is that of its predecessor ASCAT [28, 29] . However, the SCA design has three major innovations with respect to ASCAT, in particular [30] .
1) Cross polarization and horizontal copolarization.
2) Spatial resolution of 25 km.
3) 20% greater spatial coverage than ASCAT. Moreover, an option to implement an ocean Doppler capability to retrieve the ocean motion vector has been investigated [31] . In this paper, the benefits of these innovations on the applications are discussed in respective order and in the context of the anticipated due progress. In addition to SCA, the Metop-SG platform B will carry a MicroWave imager, called MWI. Synergies between SCA and MWI will be further presented.
II. CROSS POLARIZATION AND HH COPOLARIZATION
The alternate cross polarization (here denoted VH for simplicity) on the mid beams will improve the extreme wind speed range and initial research has provided first empirical and theoretical insights on the VH sensitivity at extreme winds (e.g., [32] [33] [34] ). Further scientific elaboration of the VH signal behavior for ocean [35] , soil, and cryospheric applications will be necessary, as well as elaboration of the geophysical retrieval methodologies to include the VH sensitivity.
VH polarization measurements are very important for weather forecasting because they have the potential of extending the useful range of SCA wind speeds to 40 m/s, or higher (see Fig. 3 ). Like for many others, it is a key part of the European Centre for Medium-Range Weather Forecasts (ECMWF) strategy to improve forecasts of severe weather [34] and to track severe tropical and extra-tropical storms in nowcasting, an accurate analysis of strong winds is important. Whilse such strong winds are relatively rare, their impact on economy and society is enormous and, due to increasing population and infrastructure, increasing over time.
In addition to extending the wind range, VH is expected to improve vegetation determination in conjunction with soil moisture retrieval [36] . For example, Aquarius VH-polarized and VV-polarized backscatter observations at L-band were compared to existing vegetation datasets [37] . The cross-/copol ratio captures vegetation dynamics over most vegetation zones well. Interestingly, differences in dynamics are observed between vegetation products from active and passive microwave measurements. VH is also expected to lead an improved characterization of volume scattering effects by the vegetation, (dry) snow, and soil. This demonstrates that valuable information can be gained from vegetation products of scatterometers at VV, HH, and VH [37] .
VH will help to better distinguish open water surfaces from surrounding land surface areas. Additionally, the higher sensitivity of VH to volume scattering in snow, and sea ice is expected to further progress the monitoring of freeze/thaw processes and detection of open water surfaces versus sea ice. Experiences with cross-polarization C-band channels used for detecting sea ice are more developed with data from synthetic aperture radar (SAR), which also measures the radar backscatter. Modern SAR systems, such as RADARSAT-2 and Sentinel-1, use a C-band radar and provide data at different preselected polarizations. In the ice charting community, the HH-and HV-polarizations are often used for sea ice monitoring. The contrasts between ice and water are higher in HH-polarized images than in VV images [38] . However, over open water and high winds, the copolarized backscatter from both HH and VV is similar to that of sea ice, such that the separation of ice and water may be difficult [39] . The cross-polarized (HV or VH) backscatter is much lower, and, therefore, better suited for ice-water discrimination in regions of strong winds [40] . The additional polarization channels on Fig. 4 . Radar cross-sectional images of a green and 58-cm-tall wheat canopy acquired by an experimental profiling radar at C-and X-bands at VV, HH, and VH polarizations. Horizontally, the incidence angle ranges from 5°to 60°and vertically height from −11 to 93 cm. Soil returns appear most dominant in Cband, whereas HH shows the strongest soil signal due to the reduced extinction of horizontally oriented waves by the predominantly vertically oriented vegetated elements from [49] .
SCA are, therefore, expected to provide very useful contribution to sea ice detection.
Over water surfaces, VH signals are about 15 dB lower than VV. This may possibly pose measurement limitations, due to the 1°-3°Faraday polarization rotation in the ionosphere [41] , causing an emitted pure vertical polarization (V) signal to become partially horizontal polarization (H) and vice versa. This implies that emitted vertical polarization results in HH scattering off the ocean surface, which in turn contaminates the VH measurement, since it implies the measurement of Zadelhoff et al. [32] used combined satellite VV and VH measurements in hurricanes and found a little angular dependence of the VH measurements, implying a little contamination by HH as this has strong angular dependence. It should be noted, however, that those measurements (cf. Fig. 3 ) were taken during a period of solar inactivity, and, thus, reduced Faraday rotation. A main investigation for SCA will remain in the characterization of this effect. In particular, spatial and geographical variations will be of interest, as well as the capability to forecast the Faraday rotation.
At the extreme winds, the difference between VV and VH is much reduced and Faraday rotation effects on VH are, thus, limited; hence, this is not compromising the main SCA mission of measuring extreme winds where VV-and HH-polarization measurements are saturated.
The required SCA VH capability implies HH measurements become possible too. Over the ocean HH sensitivity is lower than VV sensitivity, and, thus, replacing VV with HH is generally not expected beneficial. However, over land surfaces, the new copolarization (HH) channel will in particular help to improve the quality of the soil moisture retrievals due to the reduced sensitivity of HH (compared to VV) to vertically oriented vegetation elements over grassland and agricultural areas (e.g., see Fig. 4 ).
Taking note of the scientific advances in our understanding of the interaction of microwaves with the land surface, one can confidently predict that SCA will not only allow for improved soil moisture and freeze/thaw retrievals, but also for delivering several novel data products, including but not limited to vegetation water stress [42] [43] [44] , vegetation optical depth [45] , and aerodynamic roughness [46] . Over land, renewed efforts in building advanced backscatter models [47] and new experimental approaches (e.g., [48] ) are needed to better disentangle the backscatter contributions from different parts of the vegetation canopy and the soil profile. This will improve not only the quality of the soil moisture retrievals, but will at the same time allow the development of new land data products for SCA. Moreover, for semiarid regions, there is a strong need for further research to understand the co-and cross-polarization scattering contributions from the stratified upper soil layers and their dependence on environmental conditions.
III. SPATIAL RESOLUTION
Many users cry out for increased spatial resolution products, but producers need to strike a complex balance between technical feasibility, spatial coverage, spatial resolution, noise, and achievable information content.
Over the ocean, the SCA breakthrough horizontal resolution of 25 km will give a better handle on physical processes, such as turbulent flows, convective systems, tropical cyclones, polar lows, coastal phenomena, air-sea interaction, eddy-scale oceanography, and tropical circulation. In particular, improvements in the coastal region brought by increased resolution will be beneficial for many weather and climate applications.
Over land, the higher resolution of SCA will result in better resolved soil moisture and temporal soil characterization. For soil moisture, many geophysical applications such as hydrology and agriculture request high spatial resolution and there is no satellite mission proposed that fully meets all requirements. While instruments like SMOS and SMAP operate at a longer wavelength (L-band) to enhance their sensitivity to soil moisture under vegetation, as compared to C-band [50] , [51] , their spatial resolution remains rather coarse, leading to adverse error properties [52] . Also Sentinel-1, which like ASCAT provides C-band VV+VH backscatter observations, albeit at a much increased spatial resolution (20 m), is very promising [53] . However, its temporal sampling rate varies from biweekly in well sampled areas, such as Europe to bimonthly for most of the global land surface.
Over sea ice, the higher SCA resolution will provide improved sea ice characterization and drift determination. Highresolution twice-daily and improved-sensitivity measurements will aid in the development and understanding of, e.g., dynamical sea ice models, particularly in the marginal sea ice zones. If scatterometer observations are indeed available at much higher spatial resolution, they can add significant new information. Recently, much research has gone into the spatial processing of ASCAT data over sea [54] , [55] , land [56] , and sea ice [57] , [17] , following research on ASCAT near-coastal winds [58] , where improvements due to improved spatial filtering are found in all domains with respect to the nominal products. Moreover, taking into account the shape and orientation of the basic spatial response functions (SRF) of ASCAT, and after a careful matching of the cumulative SRFs (CSRFs) of its three beams, a 5.6-km wind product with <20-km spatial resolution has been constructed. A key asset for such resolution enhancement is the radiometric noise (Kp) [55] . Together with the SRFs, it determines the maximum resolution achievable at an acceptable noise level. For land and sea ice applications, further resolution enhancement is possible in principle for ASCAT by combining the SRFs of the three beams for different azimuths and times, as these targets are less anisotropic and more stable [17] , [59] . Yet, ambiguities will remain, particularly in case of mixed pixels (e.g., mixture of wet snow, standing water, and thawed ground). Therefore, approaches like the one proposed by Zwieback et al. [60] who combined the backscatter data with auxiliary dataset (like air temperature) for freeze/thaw detection should be further investigated.
As compared to ASCAT, SCA will have a reduced size of the SRF by a factor of 2, improved radiometric noise, and no onboard averaging, all of which will help in achieving increased resolution over sea, land, and ice to the benefit of the SCA product users.
IV. COVERAGE
Coverage matters due to the fast evolution of small-scale atmospheric processes and a scatterometer constellation is needed for dense time coverage over land and oceans. Soil moisture evolution and the extraction of precipitation estimates from it, similarly critically depends on complete coverage [14] . Frustratingly, frequently key weather events are missed due to incomplete coverage by ASCAT. The wider swath will improve the ASCAT coverage (by 20%) and makes SCA more comparable to existing Ku-band scatterometers in this respect. Another aspect is to ascertain whether we can gain more impact in NWP if there is less overlap between the successive scatterometer swaths, i.e., increasing the total spatial coverage.
With more agencies now building and operating scatterometers (e.g., the Indian ScatSat, the future HY and FY Chinese satellites, and the Chinese-French CFOSAT scatterometer), a multiagency constellation is being progressively built to better address spatiotemporal coverage. EPS Metop-SG will have a consolidated midmorning orbit position in this Constellation [62] .
Given the launch schedule of Metop/Metop-SG satellites and the typical lifetime of scatterometers, a tandem SCA configuration may be offered for the benefit of all scatterometer applications. This may provide almost complete coverage in a single pass of the tandem, when the tandem is optimally separated by a quarter orbit length, as illustrated in Fig. 5 . For ASCAT, the 50-min separation for Metop-A and Metop-B has not been optimal since this leaves significant coverage gaps in the tropics and the overlapping data are fairly close in time [63] . Depending on the end of life scenario for Metop-A, there may be an opportunity to compare the impact of two ASCAT's at 50-min separation (e.g., ASCAT-B/A) with two ASCAT's at 30-/70-minute separation (e.g., ASCAT-B/C). Having three Metop's in orbit at the same time is the only way to get a direct comparison through conducting observing system experiments within NWP. 
V. POTENTIAL DOPPLER CAPABILITY
A SCA Doppler capability would offer several opportunities for improving scatterometer products. Recently, over ocean, C-band Doppler shift measurements as obtained with SAR revealed that the geophysical contribution to the Doppler shift includes ocean surface currents, sea state, and local windinduced ocean surface velocity contributions. Chapron et al. [64] (qualitatively) and then Rouault et al. [65] (quantitatively) show how the ocean current contribution to the Doppler shift can be measured after a careful correction of the sea-state contribution, based on ancillary information on the wind vector, which is the prime SCA mission. Furthermore, on a global scale and at 10-km resolution, wind can be used as a proxy for ocean motion [64] . This leads Mouche et al. [66] to propose a first forward geophysical model function (GMF) that relates wind speed and direction (with respect to antenna look direction) as a function of incidence angle (17°-42°) for both VV and HH to a geophysical Doppler shift. They show for SAR how Doppler helps to constrain the wind retrieval (see Fig. 6 ). In particular, it helps the wind direction retrieval in complex situations, such as atmospheric fronts and low pressure systems. Moreover, for extreme winds, the Doppler wind direction sensitivity could be very complementary to the cross-polarization radar cross section, since cross polarization has no sensitivity to wind direction [59] . Therefore, Doppler information may enhance scatterometer wind retrieval and ambiguity removal, and improved wind vector information which in turn enhance ocean surface current determination.
Scatterometer winds are measured relative to the moving ocean surface, which wind vector frame is often most relevant for operations at sea. However, buoy and NWP model winds are provided with reference to a fixed earth reference. Comparison of scatterometer and Buoy and NWP datasets, therefore, require that ocean currents are known [68] . Direct eddy-scale current measurements would greatly improve ocean modeling, particularly in the tropics. After a first simulation study, Fois et al. [31] showed the potential of SCA to determine ocean currents. This potential is currently further elaborated taking the specific SCA design into consideration and, in particular, investigating if the required performance can be achieved in practice.
VI. SCIENTIFIC PROSPECTS FOR SCA APPLICATIONS
Following the above-noted enhancements offered by the SCA instrument, due progress in scatterometer applications is elaborated below. Such anticipated progress is associated with the SCA innovations, and, therefore, necessary for maximal operational SCA benefit in the application areas.
A. Using SCA Wind Variability
Stoffelen [69] , and Portabella and Stoffelen [70] found that the normalized inversion residual, called MLE, is well capable of removing cases with extreme wind variability (at fronts or centers of lows), or with other geophysical variables affecting the radar backscatter. Recently, further progress has been made in the quality assessment of ASCAT winds near rain [71] [72] [73] and it is confirmed that the MLE mainly represents enhanced wind variability. Generally, the MLE is positive and large when Fig. 7 . ASCAT innovations in wind inversion residual sign (MLE; color) as a measure of local wind variability and in wind direction ambiguity removal (at the pink dots) for a dynamical mesoscale system in the southern Indian ocean. Green MLE colors correspond to flow with low sub-WVC wind variability, while red colors indicate very large local wind variability, often due to wind downbursts in moist convective precipitation [67] .
there is substantial wind variability within the cell, see e.g., Fig. 7 . Negative MLEs occur for stable flows.
Enhanced positive MLE corresponds to wind shifts due to convective downbursts, fronts, and other dynamical phenomena. Such phenomena may span several wind vector cells (WVC) and a local spatial analysis of MLE and singularity exponents (SE) provides an effective quality control (QC) [72] . SEs are obtained from singularity analysis, a spatial image processing technique, effective in detecting local decorrelation in a field. Also, such measures of wind variability are much desired in scatterometer applications, such as nowcasting and NWP.
B. Improving Land Applications
As mentioned above, scatterometers have a high potential for monitoring vegetation dynamics due to the fast revisit time and the VH-cross-polarization measurement at high radiometric accuracy. This allows the depiction of seasonal and intraannual changes in the incidence angle behavior of the backscatter measurement with high accuracy. This may be highly valuable information for monitoring of vegetation dynamics by the vegetation optical depth (see Fig. 1 ), which is closely related to vegetation water content and height [45] . By averaging backscatter measurements over longer time intervals, information about vegetation characteristics can also be estimated from averaged backscatter measurements [44] or by comparing diurnal differences in backscatter [22] . Such information will improve the retrieval of soil moisture but can also be exploited as a selfstanding product.
Additional improvements in the soil moisture product are expected from a better characterization of scattering in arid and semiarid environments. Backscatter from vegetated and bare soil is, in general, positively correlated with soil moisture. However, over some arid and semiarid environments, an inverse relationship is observed (see Fig. 8 ). Wagner et al. [12] hypothesized that this phenomenon is caused by the high penetration of 72°N, 40.85°E) . The backscatter time series shows an inverse behavior as the soil moisture time series modeled by NOAH GLDAS [76] . The figure was kindly provided by S. Hahn, TU Wien. microwaves into dry soil and the presence of strong subsurface scatterers in line with recent experiments [74] , [75] . Potentially, extension of this research may lead to a better understanding of land degradation and desertification processes.
C. Sea Ice Application Evolution
The microwave backscatter over sea ice is dependent on the ice surface roughness and on the degree of volume scattering from brine pockets within the ice to which VH is sensitive.
Current experience has been gained with classification of sea ice from the Sentinel-1 satellites. As an input to manual ice charting the Sentinels are great both in terms of quality and coverage. However, when it comes to automatic ice classification, there are considerable challenges, mainly due to processing artifacts in the SAR image, such as scalloping and gain shift, particularly at low winds over water. The largest differences between SAR and scatterometer are the higher resolution of SAR, the multiple viewing directions of a scatterometer, and the superior calibration stability of a scatterometer. Because of the SCA calibration stability and accuracy, we expect to see an improved objective classification based on the SCA VH, albeit at coarser resolution. Therefore, the prospect of combining the measurement from Sentinel-1 and SCA, which are otherwise very similar, is indeed very promising. In the context of the Copernicus Marine Environment Monitoring Service, work is ongoing to combine Sentinel-1 data with passive microwave data. SCA and MWI will simultaneously provide the synoptic full polarimetric capability at both poles. The potential areas of usage range from high-resolution automatic ice charting for tactical navigation to large-scale sea ice analysis to support, e.g., climate models.
D. Backscatter Assimilation Over Land
Today, a number of users (e.g., ECMWF, Météo-France, UKMO) assimilate the ASCAT L2 SSM product. Over vegetated areas, this product is affected by the vegetation structure and water content and this may impact the seasonal and interannual variability of the L2 SSM. As a result, a complex seasonal rescaling has to be performed before the integration of this product into land surface models (LSMs). Some LSMs have a representation of plant growth (above-ground biomass, vegetation type, LAI). Potentially, such models could provide the missing information about vegetation. At the same time, the backscatter signal could help analyzing vegetation biomass together with soil moisture. An interesting development would be to develop (simple, e.g., quasi-linear) observation operators in LSMs giving the LSM the capability to simulate backscatter. This would, in the future, allow the assimilation of multiangle and/or resolution-enhanced backscatter products over land.
A driver for improvements to the global observing system for LSM is an increasing need for information on the 10-km scale, as global and regional NWP models move to ever higher horizontal resolutions. In the next few years, global weather forecasting will explore LSM resolutions below 10 km, e.g., ECMWF anticipates a resolution of 5 km (T3999) around 2020. With sub 10-km grid lengths, we would expect LSM to resolve much smaller scales, e.g., coastal effects, and other sharp LSM gradients, probably associated with the presence of extreme weather conditions.
E. Wind Assimilation
For wind data assimilation, we may identify the deterministic scale, which is the scale supported by observations in both space and time to deterministically initialize the smallest (short-lived and small-amplitude) evolving scales in weather models [77] , [78] . These scales will remain larger than 100 km over sea due to persisting lack of temporal wind observation coverage. In addition, the effective dynamical model resolution may be defined, which is 5-10 times the grid length [4] and smaller than the mentioned deterministic scale. The ongoing challenge will be to maximize the benefit from higher resolution observations to help support small-scale structures, while the temporal coverage over sea remains limited [62] . This means that model scales smaller than the deterministic scale, essentially weather model noise, needs to be accounted for the first time in data assimilation. For regional NWP, very-high horizontal resolution models with grid lengths of 300 m or less are anticipated at the Met Office and elsewhere. For fine-scale model grid lengths, it will be important to take into account the scatterometer footprint to reduce the representativeness errors and take account of the deterministic scales [4] . With increased supercomputer resources, mesoscale model improvements can be expected from the use of rapidly updating 4-D-Var assimilation schemes, resolving the temporal and spatial scales of convection. Further research will be needed to develop more realistic situation-dependent model and observation error schemes (based, for example, on the wind variability within the resolution cell [67] ) that can improve the balance in the weight given to observations and background and provide the optimal spatial filtering in the analysis.
NWP data assimilation is based on a best linear unbiased estimate (BLUE), and generally bias correction schemes are used to remove observation minus model biases. Fig. 9 shows typical NWP model biases against scatterometers.
We note that the largest differences between scatterometer and ECMWF model winds appear in regions near the ITCZ, regions with ocean currents and near land masses or sea ice. These areas correspond to areas with large atmospheric dynamics and extensive moist convection. Besides substantial speed biases, substantial systematic wind direction biases also exist [79] . NWP biases occur in all NWP models and are due to fast or mesoscale processes resolved by the scatterometer, but not by models, such as (moist) convection [72] , atmospheric turbulence [80] , gravity waves, and systematic errors in boundary layer parameterizations or the lack of ocean currents. These biases tend to persist over time (not shown). The occurrence of these spatial biases is, however, ignored in data assimilation and their existence prevents the correct assimilation of observed dynamical weather features, following BLUE, and it, thus, may be worthwhile to develop local bias reduction schemes for scatterometers.
F. Convection
The next grand challenge in NWP and climate prediction is to better understand the role of clouds in atmospheric circulation. In particular, cloud parameterizations are difficult to verify and new observations, e.g., that depict convection, are welcome. Convection is also associated with air downbursts that substantially affect air-sea interaction, another not wellunderstood aspect of climate change. Fig. 10 shows an example of scatterometer-derived curl and divergence near a moist convective cell over ocean. The wind downburst divergence is clearly visible and coincides exactly with the precipitation cell as observed by a geostationary satellite (not shown). Moist convection is widespread in the tropics and results in intense air-sea interaction. Further research in wind derivatives of tandem scatterometers, such as ASCAT-A and ASCAT-B in association with geostationary time loops of precipitation may shed further light on the dynamical aspects of moist convection and the related physical parameterizations [81] .
G. Coupled Atmosphere-Ocean-Land Assimilation
NWP centers are currently devoting a significant effort to increase the level of coupling between different components of the earth system (Atmosphere, Ocean, and Land) in both global and regional models. The ambition is to move as close as possible to fully coupled models and data assimilation systems. The first weakly coupled data assimilation systems are already under development [82] [83] [84] . While they rely on coupled models, a part of the data assimilation process is still performed separately for the individual components of the earth system. Developing stronger coupling within the data assimilation process is the next challenge. These future systems will allow more effective exploitation of near-surface observations, such as scatterometer winds, soil moisture, and sea ice, that have an impact on both atmosphere and surface.
H. Extreme Wind Speeds
With SCA, we expect accurate winds over a larger dynamical range compared to ASCAT [32] , [85] . This opens the opportunity for NWP centers to exploit the data up to higher wind speed thresholds (current upper thresholds for ASCAT are 25 m/s at the Met Office [63] and 35 m/s at ECMWF [3] ). How high can the thresholds go? To a large extent this will depend on how good the model winds are under extreme conditions. If the model winds are not accurate, it will be difficult to assimilate the information. This is because if the difference between the model and the scatterometer is too large then the observation will likely be rejected. Moreover, an aliasing problem often occurs in cases with fast moving storms or tropical cyclones, when the storm center is misplaced in the model background. Therefore, an active area of research remains, on the one hand, to improve model parameterizations at extreme winds and, on the other hand, the QC and weights applied in variational assimilation so that observations with larger departures can be given a higher or nonzero weight in forming the analysis [86] .
VII. DISCUSSION
For SCA, geophysical products on wind, soil moisture, vegetation, precipitation and sea ice, and snow quantities will be developed and in the long term added to intercalibrated thematic CDRs. Future developments include improved spatial and temporal resolution over land and sea, and, in particular, in coastal regions.
Concerning increased spatial resolution and near-coastal processing, the exact knowledge of the SRF is important [87] , [88] , as well as the availability of full-resolution (nonaccumulated) samples. It is essential that the fore, mid, and aft beams view the same area, i.e., view the same wind vector or land cell. If the CSRF is different for the fore mid and aft beams, then the consistency of the backscatter values with the GMF will be degraded. Matching CSRFs are challenging for the smaller footprints, due to the different basic sampling of the three beams and will continue for SCA. For soil moisture and sea ice, a different opportunity arises, as the signal levels are high and the response is to a first-approximation azimuthally isotropic over the majority of land surface areas. This offers the possibility of resolution enhancement when the three beams do not exactly overlap over land and sea ice areas [59] .
Increased temporal resolution will be achieved by an interagency virtual scatterometer constellation. Concrete plans exist in India, China, and Russia to launch scatterometers in complementary orbit planes, thus covering several times a day, potentially increasing the deterministic NWP model resolution over sea and aiding temporal analysis in LSM [89] .
The scatterometer sampling is quite uniform and the geophysical processing allows processing on user-defined grids. This could in principle prevent interpolation errors when transforming L2 to L3 or L4 products.
Finally, scatterometer products are useful in combination with other geophysical observations and aid synthesis in different application areas, as outlined in this paper. The most obvious synergy of SCA is with MWI and scientific benefits for SCA applications concern both convection (see Section VI-B) and extreme wind speeds (see Section VI-H), but note that the coarse resolution of MWI could limit usefulness. Other areas of synergy are land applications (soil moisture and vegetation) and sea ice.
The scatterometer wind processors are publicly available through the EUMETSAT NWP satellite application facility and may be extended to allow their use in open cloud computation and data infrastructures. First steps into this direction are also taken by the Earth Observation Data Centre [90] , where AS-CAT data are collocated with Sentinel-1 SAR and many other microwave satellite data.
SAR data are useful for the statistical assessment of artefacts in scatterometer retrievals [91] . For example, natural phenomena that exhibit different microwave responses from their neighboring targets in a scatterometer footprint, or, man-made objects, such as ships, industrial complexes, etc., that may provide synthetic or anomalous returns, which SAR data may help to control [92] , [93] . Moreover, in order to be able to quantify the benefits of SCA VH cross-and HH copolarization within the sea ice and land application areas, a preliminary investigation based on SAR data is worthwhile. Also, for low VH signal exploitation, the Faraday rotation in the ionosphere must be considered.
VIII. SUMMARY AND CONCLUSION
The three major SCA innovations with respect to ASCAT are as follows.
2) A nominal spatial resolution of 25 km.
3) 20% increased spatial coverage beyond ASCAT. This lead to substantial science and application benefits with respect to the ocean, land, and sea ice domains. Moreover, the novel option to implement an ocean Doppler capability to retrieve the ocean motion vector on the ocean eddy scale may be invaluable.
SCA's projected progress in extreme wind observation, soil moisture, vegetation and precipitation analyses, near-coastal processing, refined spatial and temporal analyses, sea ice extent and drift monitoring, and air-sea interaction processes is expected to benefit a wide range of applications. These include regional and global NWP, wave and storm surge forecasting, nowcasting, wind energy, hydrology, climate research and monitoring, and oceanography. This paper provides a broad overview of the anticipated scientific developments that will expectedly lead to such broad progress in the 2020-2040 time frame.
Following the above-noted enhancements offered by the SCA instrument, the associated progress in scatterometer applications is furthermore elaborated here. As such, ancillary measures of enhanced wind variability (MLE and SE) may be further exploited in scatterometer applications, such as nowcasting and NWP. Further research on the dynamical aspects of moist convection and the related physical cloud parameterizations, air-sea interaction, and ocean forcing will become more prominent as forecasting models will be increasingly coupled and enhanced in spatial resolution. Moreover, tandem scatterometers, such as ASCAT-A and ASCAT-B, will shed further light on these fast mesoscale processes.
The temporal requirement for capturing fast mesoscale and LSM processes will be further delivered through an international scatterometer constellation, supported by microwave radiometers, such as MWI. We note that the geophysical interpretation [94] and representation and/or calibration of many of these supporting sensors are expected to be inferior to SCA. Given the excellent radiometric stability of ASCAT and its further improvement in SCA, we are led to believe that SCA will be the benchmark wind and soil moisture sensor and be an excellent reference for sea ice applications.
A main driver for improvements to the global observing system, such as for SCA, is an increasing need for information on the 10-km scale, as global and regional earth system models move to ever higher horizontal resolutions. A main challenge in the SCA era remains the exploitation of high-resolution dynamic scatterometer observations in producing deterministic weather analyses. Moreover, LSMs and sea ice models may, in the future, allow the assimilation of multiangle and/or resolution-enhanced backscatter products.
In conclusion, the SCA instrument innovations are well set to provide timely benefits in all the main application areas of the scatterometer, which in turn are generally expected to further develop to provide more sophisticated meteorological, oceanographic, hydrological, and climate services in the SCA era. SCA is further expected to continue the stable long-term reference that ASCAT provides.
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